The progestin-high-affinity-binding components in rat target tissues have been assayed by a simple and precise procedure by using spheroidal hydroxylapatite. The progestin 'receptors' in the uterus and hypothalamus of female rats are highly specific for progestins, which they bind with high affinity (Kd for [3H]progesterone in hypothalamus is 1.9nM and in uterus is 3.7nM). The dissociation of [3H]progesterone from receptor in vitro is rapid: 461C = 45min in uterine cytosol; t46'C = 160 min in hypothalamic cytosol. The binding is destroyed by proteinase. In the cytosol of hypothalamus and cortex of developing rats, progestin 'receptors' were present in both male and female rats by 2-3 days after birth; subsequent changes in concentration of these 'receptors' appeared to be independent of sex. Concentrations of progestin 'receptor' were close to adult values by 8-9 days, and thereafter changed relatively little.
thalamic cytosol. The binding is destroyed by proteinase. In the cytosol of hypothalamus and cortex of developing rats, progestin 'receptors' were present in both male and female rats by 2-3 days after birth; subsequent changes in concentration of these 'receptors' appeared to be independent of sex. Concentrations of progestin 'receptor' were close to adult values by 8-9 days, and thereafter changed relatively little.
Oestrogens and progestins have important regulatory roles associated with the development and maintenance of sexual functions in mammals. It is generally accepted that most, though not all, of the actions of these sex hormones are mediated by specific receptor proteins present in the cytosol of target tissues, translocating to the cell nucleus where they exert their effects (King & Mainwaring, 1974; Buller & O'Malley, 1976) . In the rat uterus, some of the observed physiological changes that occur during the reproductive cycle can be correlated with translocation of the oestrogen specific receptor at pro-oestrus (Clark et al., 1973; White et al., 1978) or during the early critical phases of pregnancy (L. Myatt, G. Chaudhuri, M. G. Elder & L. Lim, unpublished work). Similar relationships with regard to function and oestrogen receptors have also been demonstrated for the hypothalamus (White et al., 1978) .
On the other hand, despite the established importance of progesterone in hypothalamic functions (Barraclough, 1973; Feder & Marrone, 1977) and its putative role in sexual differentiation (Dorfman, 1967; Shapiro et al., 1976) , there is scant information on the intracellular relationships of the progestin receptor. This is related to past difficulties in detecting and characterizing the receptor because of the presence in rat plasma and rat tissue preparations of the corticosteroid-binding globulin, which exhibits a high affinity for progestins. The introduction of the synthetic progestin R-5020 (17,21-di-* To whom reprint requests should be addressed.
Vol. 186 methyl-19-norpregna-4,9-diene-3,20-dione), which has little affinity for corticosteroid-binding globulin, has enabled the detection of progestin-specific cytosol receptors in rat uterus (Philibert & Raynaud, 1973) and in female rat hypothalamus (Kato & Onouchi, 1977) . These latter workers reported that without oestradiol priming receptors were not detectable; however, by the combined use of Sephadex LH-20 and [3Hlprogestin R-5020 we were able to demonstrate specific high-affinity progestin binding in the hypothalamus of unprimed female rats . Simultaneously, MacLusky & McEwen (1978) , by using similar techniques, showed that cytosol progestin receptors were present in the hypothalamus of unprimed ovariectomized female rats, but that its concentration was increased on priming with oestradiol.
We now report a procedure involving the use of 3Hiprogesterone and chromatography on spheroidal hydroxylapatite (Booth et al., 1977) that considerably simplifies the assay of specific progestin binding in target tissues. By using this procedure we have characterized the progestin binding in hypothalamic cytosol and monitored developmental changes in this cytosol binding in both male and female rats.
Materials and Methods Animals
Two strains of Wistar rat were used in these experiments: the COBS strain from Charles River, 0306-3283/80/010295-06 $1.50/1
Margate, Kent, U.K., and the Porton strain (Animal Breeding Unit, Carshalton, Surrey, U.K.) bred in our laboratory. Unless specified, experiments refer to the latter strain.
Preparation oftissue extracts Animals were killed by decapitation, and the preparation of uterine and hypothalamic tissue extracts was as previously described (White et al., 1978) . 'Cortical tissue' was that removed from the forebrain after the anterior and posterior cuts during preparation of the 'hypothalamic block. ' Glycerol was included in the standard buffer as follows: 10mM-Tris/HCl, pH 7.6; 1 mM-EDTA; 1 mM-dithiothreitol; 10% (v/v) glycerol (TEGD buffer). Cytosols were prepared from the tissues as previously described and were used immediately.
Assay ofprogestin binding (a) Sephadex LH-20 exclusion chromatography. Cytosols were extracted with dextrancoated charcoal for a total of 10 min (5 min incubation followed by 5min centrifugation) at 40C to remove endogenous steroid. Without this step, estimates of receptor in the tissue were greatly decreased.
[3H]Progestin R-5020 (sp. radioactivity 91 Ci/mmol; NEN Chemicals, Winchester, Hants. S021 3HQ, U.K.) was added to the supernatant in the required concentration (1-2.5 nm for routine assays) with 1uM-cortisol, in parallel assays with and without unlabelled 1 uM-progesterone. The cytosol was then incubated for 3 h (uterine preparations) or 16h at 40C. The macromolecular-bound radioactivity was determined after exclusion chromatography on columns of Sephadex LH-20 (White et al., 1978) . Total soluble radioactivity in each sample was also measured, as there was appreciable adsorption by the glass tubes of PHIprogestin R-5020.
Receptor content was calculated from the difference in bound radioactivity in the presence and absence of unlabelled progesterone; this value was subsequently adjusted for the amount of saturation predicted from the concentration of free steroid in the incubation, by using the value for the equilibrium dissociation constant given in the text (see Table 1 ).
It was also necessary to allow for a rapid loss of progestin-binding capacity in our preparations of uterine cytosol, although the binding in neural tissue preparations was very stable.
(b) Spheroidal hydroxylapatite chromatography. Portions of cytosol (0.25 or 0.4 ml) were run directly into columns (0.6 cm x 2 cm) of spheroidal hydroxylapatite (BDH Chemicals, Poole, Dorset, U.K.) previously equilibrated in TEGD buffer. After 30min at 60C, the columns were washed with 1 ml of TEGD buffer to remove unbound protein and endogenous steroid, and 0.6 ml of TEGD buffer containing 2.5 nM-THlprogestin R-5020 or [3H]progesterone and 1 uM-cortisol, in the presence and absence of unlabelled 1,uM-progesterone, was run in. Uterine cytosols were then incubated for 2 h, hypothalamic or cortical cytosols for 16 h. The columns were then washed with 3 ml of TEGD buffer, eluting greater than 95% of the unbound ligand; the radioactivity of this fraction was determined and taken as a measure of free 3H-labelled ligand. After five washes with 1 ml of TEGD buffer (spaced at 15min intervals for hypothalamus and cortex, but carried out within 25 min for uterus), columns received another wash with 3 ml of TEGD buffer followed by two washes with 3 ml of 0.1 M-NaOH; the radioactivity in these three washes was determined.
The characteristic elution pattern is illustrated in Fig. 1 . All the macromolecular-bound radioactivity on the column was eluted in the first NaOH wash.
[In the absence of cytosol, this fraction still showed a small (relative to cytosol binding) peak of radioactivity; the size of this peak could be estimated from the pattern of radioactivity in the other washes and allowance was made for this in all calculations of 'receptor' content.] Binding data from these Wash no. with spheroidal hydroxylapatite Columns of spheroidal hydroxylapatite were loaded with 0.2ml of hypothalamic cytosol or 0.2ml of TEGD buffer at 40C, washed after 30min with 1 ml of TEGD buffer and incubated for 18h with 0.6ml of 2.5 nM-[3Hlprogesterone, in the presence or absence of 1 pM-progesterone. A 3 ml wash with TEGD buffer was followed at 15min intervals by five 1 ml washes, a 3 ml wash, then two 0.1 M-NaOH washes of 3 ml each. The radioactivity in each wash was determined. Symbols: 0, no unlabelled progesterone; *, excess unlabelled progesterone.
1980 columns was then treated in the same way as that from Sephadex LH-20 chromatography, to give estimates of 'receptor' content.
Binding of 'receptor' to spheroidal hydroxylapatite during the preincubation step was complete within 5min for uterine cytosol, and within 30min for hypothalamic cytosol. Once the unbound material had been washed off, the column-bound 'receptor' became stable, suggesting that the observed loss of binding in uterine cytosol preparations was due to proteolytic activity. Measurement ofradioactivity 3H-labelled ligand from Sephadex LH-20 chromatography was measured in 20vol. of BBS3 scintillant (White et al., 1978) at 33% efficiency in a Beckman LS230 spectrometer. 3H-labelled ligand from spheroidal hydroxylapatite chromatography was extracted in 8ml of toluene/5-(biphenyl-4-yl)-2-(4-t-butylphenyl)-1-oxa-3,4-diazole (Ciba-Geigy) scintillant for 24 h, and the toluene aqueous mixture was counted for radioactivity directly (40% efficiency).
Results
Characterization of [3Hlprogestin binding in tissues ofnormal (unprimed) adultfemale rats These characterization studies were carried out initially on cytosol extracts from hypothalamic and uterine tissues.
Presence of high-affinity progestin binding. In tissues were obtained by using spheroidal hydroxylapatite chromatography with [3Hlprogesterone.
Specificity. The specificity of these binding species for progestins is indicated in (Scatchard, 1949) of equilibrium saturation binding curves for the suppressible [3Hlprogesterone binding in uterine and hypothalamic cytosols (Fig. 2) also indicated that the binding represents a single Fig. 4 summarizes our data on the amounts of specific high-affinity progestin binding in the cytosol of hypothalamus and cortex of developing rats, measured as binding to spheroidal hydroxylapatite.
At all ages studied, there was no difference between male and female rats in the concentrations of progestin 'receptor' in cortex or in hypothalamus cytosol. Specific progestin binding was already present at 2-3 days after birth, and appeared to progesterone from uterine and hypothalamic 'receptor' on spheroidal hydroxylapatite Uterine (a) or hypothalamic (b) cytosol, bound to columns of spheroidal hydroxylapatite and incubated with 2.5nM-PHlprogesterone in the presence or absence of progesterone (see the Materials and Methods section), was washed with 3ml of TEGD buffer, then every 15 min with 1 ml of TEGD buffer (five times) and then with 3 ml of TEGD buffer containing pM-progesterone. Columns were eluted at various times after the last wash with 3 ml of TEGD followed by 2 x 3 ml of 0.1 M-NaOH and the progesterone-suppressible [ - (4) - (8) - McEwen, 1978; , it remains premature to refer to this as a receptor, in the sense ot the classical steroid-receptor model (Jensen et at., 1968) .
The present methodology has certain advantages over previous techniques in addressing this problem of identification. First, it has an intrinsic specificity, in that it identifies only those species that bind both to progesterone (or progestin R-5020) and to spheroidal hydroxylapatite. Conversely, it is important that the putative hypothalamic 'receptor' be one of those species; the likelihood of this is increased by the observation that the uterine progesterone receptor, which is well characterized (Vu Hai & Milgrom, 1978a,b; Walters & Clark, 1978) , binds to spheroidal hydroxylapatite (Booth et al., 1977) chromatography (S. Thrower & L. Lim, unpublished work) as well as in uterus: in each tissue this binding shows the same pattern of change in concentration during the oestrous cycle as that reported for the rat uterus by Vu Hai & Milgrom (1978c) . Secondly, the immobilization of the binding species on the spheroidal hydroxylapatite column enables endogenous progestins, as well as much of the non-specific binding (in particular corticosteroid-binding globulin) and perhaps also degradative enzymes, to be washed out before labelling and assay.
The major disadvantage of the assay at present is the inability to recover the binding species from the column, since 3 M-potassium phosphate did not give quantitative elution of binding even for uterine receptor (in contrast with the findings of Booth et al., 1977) .
The hypothalamic binding species on spheroidal hydroxylapatite that we describe in the present paper shares a number of receptor-like characteristics with the uterine progestin receptor, accounts for virtually all of the high-affinity progestin binding in vitro and behaves as a single species as indicated by the linear Scatchard plot of the binding.
To date we have been unable to demonstrate translocation of this binding species out of the cytosol in response to administered progesterone, or even to detect a nuclear progestin-binding species in salt extracts of nuclei by spheroidal hydroxylapatite chromatography after desalting, although both these features have been observed in rat uterus (S. Thrower & L. Lim, unpublished work) . Nevertheless, this binding species constitutes the main candidate for mediating the actions of progestins on neural tissues. One possibility is that the neuronal nucleus is not directly involved in these actions, and there is some evidence that this may be the case (Feder & Marrone, 1977; Bennett et al., 1975) .
Neuronalprogestin binding in neonatal rats
The presence of progestin-binding species in hypothalamus and cortex during the neonatal period raises the question of whether they play a role in sexual differentiation, the pattern of which is determined at this early time (McEwen et al., 1974) . The involvement of progesterone has already been postulated by Shapiro et al. (1976) , and the presence of this binding species could provide a mechanism for this action.
The striking similarity of male and female in this context suggests that the concentration of these receptors may be a structural feature of brain development, rather than as in other target tissues being primarily regulated by the rate of secretion of oestrogens. On the other hand, there are reports in the literature that progestin binding in ovariectomized rats can be induced by oestradiol administration (Kato & Onouchi, 1977; MacLusky & McEwen, 1978) .
The results of many physiological studies on the neural actions of progesterone in regulating sexual development and function (McEwen, 1978) emphasize the complexity of the response, and underline the need for an accurate molecular understanding of its mechanism of action.
